Ophiocordycipitaceae is a diverse family comprising ecologically, economically, medicinally, and culturally important fungi. The family was recognized due to the polyphyly of the genus Cordyceps and the broad diversity of the mostly arthropod-pathogenic lineages of Hypocreales. The other two cordyceps-like families, Cordycipitaceae and Clavicipitaceae, will be revised taxonomically elsewhere. Historically, many species were placed in Cordyceps, but other genera have been described in this family as well, including several based on anamorphic features. Currently there are 24 generic names in use across both asexual and sexual life stages for species of Ophiocordycipitaceae. To reflect changes in Art. 59 in the International Code of Nomenclature for algae, fungi, and plants (ICN), we propose to protect and to suppress names within Ophiocordycipitaceae, and to present taxonomic revisions in the genus Tolypocladium, based on rigorous and extensively sampled molecular phylogenetic analyses. When approaching this task, we considered the principles of priority, monophyly, minimizing taxonomic revisions, and the practical utility of these fungi within the wider biological research community. 
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Background
The revision of Art. 59 in the International Code of Nomenclature for algae, fungi, and plants (ICN; McNeill et al. 2012 ) has created a major task for mycologists, who must now reconcile under one name various possible names existing for different morphs of the same species of fungus (Hibbett & Taylor 2013) . Groups have already begun to propose names which should be protected or suppressed within Hypocreales in accordance with the 'one fungus one name' policy , Rossman et al. 2013 , Leuchtmann et al. 2014 , Johnston et al. 2014 , Kepler et al. 2014 and others are in progress. Here, we seek to retain names in Ophiocordycipitaceae with the goal of harmonizing i m a f U N G U S priority, monophyly, simplicity of taxonomic revisions, and minimization of disruption to the research community.
The family Ophiocordycipitaceae was described by Sung et al. (2007) to accommodate species that were determined to be phylogenetically distinct from Cordycipitaceae and Clavicipitaceae s.str. Asexual morphologies in Ophiocordycipitaceae show a tremendous range of variation, some of which are restricted in their phylogenetic distribution while others are often found in disparate lineages. For example, Verticillium is a common asexual morph of many species in several hypocrealean families, including Ophiocordycipitaceae, Cordycipitaceae and Clavicipitaceae (see Zare et al. 2000 , Sung et al. 2001 .
Ophiocordyceps is the most speciose genus of the family, and was described originally by Petch (1931a) for species of Cordyceps that have septate ascospores that do not disarticulate into part-spores at maturity and asci with inconspicuous apical caps (Petch 1931a (Petch , 1933 . Kobayasi (1941) later used Ophiocordyceps as a subgeneric classification of the genus Cordyceps, but Sung et al. (2007) restored Ophiocordyceps to the rank of genus to include those Cordyceps species within Ophiocordycipitaceae forming a sister clade with the genus Elaphocordyceps (see below). The type of the genus is O. blattae, a rarely collected cockroach pathogen for which no culture or molecular data are available.
Asexual generic names associated with Ophiocordyceps include Sorosporella, the oldest name still in use for species in the clade, Hirsutella, Hymenostilbe, Stilbella, Syngliocladium, and Paraisaria. Hirsutella species typically produce one to several conidia in a limited mucus droplet borne on basally subulate phialides that taper into slender necks (Gams & Zare 2003) . Hymenostilbe was proposed by Petch (1931b) , and there is some evidence to support restricting its use within the genus Ophiocordyceps to the 'O. sphecocephala clade', most species of which sporulate from adult insects , Luangsa-ard et al. 2011a . These taxa produce conidia singly from multiple denticles on conidiogenous cells forming a palisade-like layer along the entire outer surface of synnemata (Mains 1950) . The Stilbella morphology has been applied broadly among species associated with Ophiocordyceps, as well as to fungi later reclassified in other genera (Seifert 1985 , Gräfenhan et al. 2011 . Stilbella species often produce aggregate synnemata with a fertile, terminal head of conidia. Syngliocladium spp. often have laterally arising conidiophores similar in morphology to the hypocreaceous asexual morph Gliocladium, and they may be either synnematous or mononematous on their arthropod hosts (Petch 1932 , Hodge et al. 1998 . Sorosporella, a chlamydospore producing spore state, has been linked as a synasexual morph of Syngliocladium (Speare 1917 (Speare , 1920 , but the two morphologies are not always produced by all species (Hodge et al.1998 , Evans & Shah 2002 . Species of Paraisaria possess feathery synnemata which fruit from arthropod hosts, and several species have been linked via cultural and molecular data to the O. gracilis clade , Evans et al. 2010 . Names of genera associated with Ophiocordyceps whose types are located outside of Hypocreales include Tilachlidiopsis and Podonectria, members of the Agaricomycetes and Dothideomycetes, respectively (Rossman 1978 , Stalpers et al.1991 , Hughes et al. 2001 , Boonmee et al. 2011 . Despite the large number of taxa associated with Ophiocordyceps, a lack of support for internal nodes resulting in equivocal topologies has limited inferences about relationships within the genus in previous studies (Sung et al.2007) .
The most notable species in the Ophiocordyceps clade is O. sinensis, which is nearly double the price of gold by weight (Stone 2008 , Shrestha & Bawa 2013 and the subject of intense research, especially in China (Shrestha et al. 2010 , Hu et al. 2013 , Ren & Yao 2013 , Bushley et al. 2013a . Almost exclusively found parasitizing the larvae of ghost moths (Hepialidae: Thitarodes) in the alpine and sub-alpine pastures of the Tibetan plateau and the Himalayas, this species is undergoing heavy, possibly unsustainable, and destructive harvesting (Cannon et al. 2009 , Shrestha & Bawa 2013 .
The recently described genus Elaphocordyceps is typified by E. ophioglossoides, one of the first Cordyceps species to be described. Species in Elaphocordyceps are mostly parasites of the ectomycorrhizal truffle genus Elaphomyces (Ascomycota, Eurotiales). The majority of Elaphocordyceps species have no known asexual morph, but where known they produce ones which are verticilliumlike or Tolypocladium . There are a few Elaphocordyceps species known to be entomopathogens, including three cicada pathogens (E. inegoensis, E. paradoxa, and E. toriharamontana), and one beetle pathogen, E. subsessilis (syn.Tolypocladium inflatum) (Hodge et al. 1996 . Tolypocladium inflatum (a name conserved by the rejection of Pachybasium niveum; Dreyfuss & Gams 1994) , is a medicinally important fungus and the subject of much research due to its production of the immunosuppressant drug, cyclosporin A (Survase et al. 2011 , Bushley et al. 2013b . The other species of Tolypocladium have no known sexual morphs and have mainly been isolated from soil (Gams 1971 , Bissett 1983 or observed parasitizing rotifers or insects (Barron 1980 , 1981 , Samson & Soares 1984 , Weiser et al. 1991 . The asexually typified genus Chaunopycnis is also related to this clade (Bills et al. 2002) and has been isolated mainly from soil samples (Gams 1980 , Bills et al. 2002 , although one species was isolated from epilithic Antarctic lichens (Möller & Gams 1993) . The similarity of conidiogenesis between Chaunopycnis and Tolypocladium was noted in the original description of Chaunopycnis (Gams 1980) , and its phialides often taper in a manner similar to those of Tolypocladium. Interestingly, these two genera have also been linked by their shared production of cyclosporin A (Traber & Dreyfuss 1996) . Two of the described Chaunopycnis species produce loosely enclosed conidiomata, a morphology not seen in other members of the clade or within Ophiocordycipitaceae as a whole.
The relationships among the species of the Purpureocillium clade were recently reviewed by Luangsaard et al. (2011b , Luangsa-ard et al. 2011b . While N. atypicola and I. takamizusanensis have not been addressed taxonomically, other studies found close relationships between these taxa and Purpureocillium (Sung et al.2007 , Perdomo et al. 2013 . Nomuraea atypicola is the asexual morph of C. cylindrica (Hywel-Jones & Sivichai 1995) , the only sexual morph described for this clade and one of the "residual" Cordyceps s. lat. left without reassignment to any phylogenetically redefined genus by Sung et al. (2007) .
Nematode pathogens have been described in many genera throughout Hypocreales. The largest and oldest of these is the asexually typified genus Harposporium. Most Harposporium species produce crescent-shaped or helicoid conidia that are ingested by their hosts and become lodged in the upper portions of the digestive tract (Barron 1977) . Conidia are produced on spherical conidiogenous cells, and several species are known to produce hirsutella-like synasexual morphs (Hodge et al. 1997 , Chaverri et al. 2005 , Li et al. 2005 . While the majority of Harposporium species are known from nematodes, these fungi are common in the soil and several studies have reported an entomopathogenic ecology as well (e.g., Shimazu & Glockling 1997 , Evans & Whitehead 2005 . In 2005, Chaverri et al. reported the asexual-sexual morph connection between Harposporium and Podocrella, an arthropod-pathogenic genus. Several researchers initially described nematophagous taxa in the originally plant-pathogenic genus Meria (Vuillemin 1896 , Drechsler 1941 , but this genus was found to be polyphyletic , and for this reason Drechmeria was erected for the nematophagous meria-like taxa in Hypocreales. The type of Drechmeria, D. coniospora, has cone-shaped conidia whose conidiogenous cells are not basally swollen as in Harposporium. One protozoan-infecting species of Drechmeria, D. harposporioides, produces crescent-shaped conidia similar to those of Harposporium (Barron & Szijarto 1982) . Haptocillium was erected for asexual nematode pathogens bearing verticillate phialides and whose conidia are not ingested but adhere to the surface of their hosts .
Polycephalomyces represents a diverse clade that is currently incertae sedis within Hypocreales, as its placement has lacked support in previous molecular studies (Kepler et al. 2013) . Of particular uncertainty was whether Polycephalomyces and its closest related taxon, C. pleuricapitata, formed a sister clade to Ophiocordycipitaceae, or if it was more closely related to Clavicipitaceae. Many morphological characters are shared between Ophiocordycipitaceae and Polycephalomyces. For example, numerous species in both clades produce hirsutella-like anamorphs with conidia often borne in a slimy mass (Seifert 1985) . In addition, sexual sporing structures of Polycephalomyces often possess a wiry, tough, carbonaceous stipe which is a common morphology of Ophiocordyceps (Kepler et al. 2013) . Many species within this genus are known mycoparasites of other hypocrealean entomopathogens and myxomycetes, but there are also several species of entomopathogens. Cordyceps pleuricapitata was deemed a residual species of Cordyceps of uncertain placement by Kepler et al. (2013) , due to a lack of statistical support joining that species and Polycephalomyces.
In this paper we expand the taxon sampling presented in Sung et al. (2007) by 222 hypocrealean isolates. This includes sexual and asexual states which provide the framework for addressing the nomenclatural issues demanded by changes to the most recent ICN.
MaterIals and Methods
Sequences from five nuclear loci, including the small and large subunits of the rDNA (SSU and LSU), the transcription elongation factor-1α (TEF), and the first and second largest subunits of RNA polymerase II (RPB1 and RPB2) were used for phylogenetic analyses. DNA extraction and PCR amplification were carried out as previously described (Kepler et al. 2013) . Sequencing reactions were performed at the University of Washington High-Throughput Genomics Center (Seattle, WA) with the primers used for the initial amplifications. All other sequences were collected from GenBank. Efforts were made for all specimens to have data for at least three of the five genes to be considered in our analyses. However, certain taxa for which only one or two genes were available were included due to the importance in addressing the taxonomic issues at hand (Table 1) .
Raw sequences were processed, aligned, and gaps excluded as in Kepler et al. (2013) , using the programs MAFFT v. 6 (Katoh et al. 2002 , Katoh & Toh 2008 , Geneious v. 7.0.6 (Biomatters, available http://www.geneious.com), and Gblocks (Talavera & Castresana 2007) . The final alignment length was 4570 nucleotides -1023 for SSU, 879 for LSU, 987 for TEF, 646 for RPB1, and 1035 for RPB2. RAxML v. 7.6.6 (Stamatakis 2006 ) was used to perform Maximum likelihood (ML) estimation of the phylogeny with 500 bootstrap replicates on the concatenated dataset using eleven data partitions. These included one each for SSU and LSU, and three for each of the three codon positions of the protein coding genes, TEF, RPB1, and RPB2. The GTR-GAMMA model of nucleotide substitution was used.
results and dIscussIon
Our results are in agreement with the overall phylogenetic structure of the order Hypocreales put forth by . Nomenclatural issues for taxa in the other two families of cordyceps-like organisms, Cordycipitaceae and Clavicipitaceae, will be presented elsewhere or have already been published (Leuchtmann et al. 2014 , Kepler et al. 2014 . Based on this exhaustive phylogenetic reconstruction ( Fig.  1) , we recognize six genera within Ophiocordycipitaceae Ophiocordyceps, Tolypocladium, Purpureocillium, Harposporium, Drechmeria, and Polycephalomyces (Table 2) . This framework will provide clarity for researchers, ease of communication for instructors, and phylogenetic taxonomy around which to investigate the evolution of life histories (e.g. morphology, ecology). 
Ophiocordyceps Petch 1931
Ophiocordyceps sensu Sung et al. (2007) is resolved as a well-supported (MLBP=77) clade (Fig. 1, Node 3 ). This clade is speciose, diverse, and almost exclusively comprises insect pathogens. In spite of increased taxon sampling, current reconstructions fail to find strong statistical support at the internal nodes, and therefore we refrain from defining infrageneric groupings (Fig. 1) . While Sorosporella is the oldest name for any members in this clade, there are only two described species, and Evans & Shah (2002) argued Sorosporella should be synonymized with Syngliocladium instead of being recognized as a an asexual morph, as Synnematium was previously treated with respect to Hirsutella (Evans & Samson 1982) . We propose, therefore, to suppress the use of Sorosporella for this clade. Hirsutella is the next oldest name, but the type, H. entomophila, which was described growing from adult Coleoptera, has not been sampled and no culture of this species is available. Sung et al. (2007) argued that the Hirsutella morphology was phylogenetically informative for the 'O. unilateralis group' which they resolved as paraphyletic, a topology recovered in the current analyses as well (Fig 1, Nodes 4 and 5). However, the Hirsutella morphology is observed in other clades (e.g. Harposporium, Polycephalomyces, Clavicipitaceae), and while it is difficult to place the type species based on morphology alone, it appears from its original description to be morphologically and ecologically (as a parasite of adults) similar to species of Hymenostilbe found in the 'O. sphecocephala' clade and not Hirsutella of the 'O. unilateralis group' (Patouillard 1892) . Another reason for suppressing the use of Hirsutella for this clade is the larger number of new combinations that would have to be made -178 for Ophiocordyceps vs. 77 for Hirsutella -as the vast majority of species encompassed here are currently described as Ophiocordyceps. Also, preservation of the name "cordyceps" within the name of O. sinensis is considered paramount given its economic, medicinal, and cultural importance in addition to being the most widely known and researched species in the clade (Shrestha et al. 2010) .
At this time, we also propose to suppress the use of the other names proposed for taxa in this clade, including Hymenostilbe, Syngliocladium, and Paraisaria, because these names are younger, and they contain fewer associated taxa than either Ophiocordyceps or Hirsutella. Our results suggest the restriction of Hymenostilbe to the 'O. sphecocephala clade' (Fig. 1 , Node 6) which occupies a long branch and has strong support (MLBP=100), however, because the other internal nodes of the clade do not receive support, we refrain from making this distinction now as it would result in a paraphyletic Ophiocordyceps. These analyses place one species of Stilbella, S. buquetii, in this clade, while other studies (Seifert 1985 , Gräfenhan et al. 2011 have placed other Stilbella species in Nectriaceae, Bionectriaceae, or Polycephalomyces, and the current placement of Stilbella remains Hypocreales incertae sedis (Kirk et al. 2008) . The type of Stilbella, a coprophile, has yet to be considered in a phylogenetic context, and for these reasons we do not address that name here, but reject the use of that name for this clade. Therefore, we propose to protect Ophiocordyceps as the genus name for the entire clade, while acknowledging that future studies including more data and taxonomic sampling may provide better resolution of the relationships within the genus and a narrower concept of Ophiocordyceps.
Tolypocladium W. gams 1971
Tolypocladium is proposed for protection over the other two generic names in the clade, Elaphocordyceps and Chaunopycnis. The clade itself is well supported (MLBP=97) in this and other published analyses , Kepler et al. 2013 . However, relationships between species in this clade are very sensitive to taxon sampling, and there is little bootstrap support for internal branches from the current data to justify more than one name for this clade. The asexual-sexual morph connection between Tolypocladium and some Elaphocordyceps species has been known for several years (Hodge et al. 1996) , although where known most Elaphocordyceps spp. do not possess the morphology associated with Tolypocladium . While this may cause some short-term confusion, the alternative would be to name the clade Elaphocordyceps (which would cause the fewest name changes, 12 vs. 26 for Tolypocladium) and suppress Tolypocladium, a much more widely known, medicinally important, and older name, and therefore we find this a poor option. In this analysis the Chaunopycnis species sampled form a monophyletic clade which is the most divergent group within the clade. However, this may be the result of limited taxon and genetic sampling; only small subunit rDNA data for the sampled Chaunopycnis species was available for these analyses.
Here, we present a list of 26 new combinations within the genus Tolypocladium, which we emend to include species whose anamorphic forms do not possess inflated phialide bases, but that do form a single monophyletic clade encompassing a large number of truffle parasites, several insect pathogens, rotifer pathogens, and several fungi isolated to date only from soil. tolypocladium W. Gams, Persoonia 6: 185 (1971 36 (2007) .
Circumscription:
The genus Tolypocladium is emended here to apply to all descendants of the node defined in the reference phylogeny (Fig. 1) (Perdomo et al. 2013) , and P. lilacinum can cause keratitis and other mycoses in humans and other vertebrates (Pastor & Guarro 2006 , Rodríguez et al. 2010 . Because this genus is well supported (MLBP=76) as sister to the nematode pathogen clade (Fig. 1) , it is important to mention that P. lilacinum is frequently collected from nematodes (Luangsaard et al. 2011b) , and has been used in the biocontrol of plant pathogenic nematodes (Kalele et al. 2006 , Castillo et al. 2013 .
Harposporium lohde 1874 and Drechmeria W. gams & h.-B. Jansson 1985
Our analyses reconstruct a well-supported (MLBP=76) monophyletic origin of the mostly nematophagous clade of Ophiocordycipitaceae ( Fig. 1 Node 2). Within this clade, there is strong phylogenetic support for two clades: one containing Harposporium and Podocrella, and the other consisting of Drechmeria, Haptocillium, and Cordyceps gunnii. The relationship between Harposporium and Podocrella has already been described (Chaverri et al. 2005) , but the revision of Art. 59 requires that one name be chosen for this genus. Harposporium is an older name, and the morphology of at least somewhat crescent-shaped conidia is a shared character for this clade. Suppression of Podocrella also requires the fewest taxonomic revisions (3 vs 30). For these reasons, we propose to protect Harposporium over Podocrella (Table 2) . Within the other nematophagous subclade, Drechmeria is an older name than Haptocillium, and the isolate included in these analyses is nested within the Haptocillium isolates sampled. For this reason, we propose to protect Drechmeria over Haptocillium. The inclusion of C. gunnii in this clade also provides a name for this residual taxon of Cordyceps. Most species however, are nematophagous (C. gunnii being the exception), and conidia may be cone-shaped, formed on conidiogenous cells in rosettes or verticils, or in the case of C. gunnii, paecilomyces-like. We did not have access to molecular data from D. harposporioides, but given our finding that the two nematophagous clades in Ophiocordycipitaceae are monophyletic in origin, it will be interesting to see if this species, a protozoan pathogen with helical conidia, is truly a member of the Drechmeria clade or in fact a species within Harposporium that simply lacks the basally swollen conidiogenous cells.
Polycephalomyces kobayasi 1941
This study is the first to have definitive ML support (MLBP=82) for the sister relationship between the Polycephalomyces clade and Ophiocordycipitaceae (Fig. 1 Node 1) . Support for this relationship remains even with the exclusion of C. pleuricapitata, which is on an early-diverging, long branch within the clade. Two options remain to deal with this finding. Either a new family must be erected to account for this clade, or Polycephalomyces and related taxa must be moved into Ophiocordycipitaceae. We propose to accept Polycephalomyces and C. pleuricapitata in Ophiocordycipitaceae, where it will be the earliest diverging lineage of the family. The taxonomy of C. pleuricapitata will be addressed elsewhere.
conclusIons
We present a concise, thorough, phylogenetically relevant, and taxonomically accurate revision of the family Ophiocordycipitaceae with the aim of complying with the changes to Art. 59 of the ICN. With the criteria of naming monophyletic taxa, and where possible, of adhering to priority while avoiding changes that would be disruptive to the wider community of researchers, we have proposed to protect six genera within Ophiocordycipitaceae, including incorporation of the genus Polycephalomyces within the family. We have also formally revised the genus Tolypocladium, to reflect the nomenclature suggested by our results. 
